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SUMMARY: Paper coatings are composite materials with their
dielectric functions varying randomly with position. Their opti-
cal properties are determined by both refractive index fluctua-
tions and topography. We demonstrate that near-field scanning
optical microscopy (NSOM) provides a unique capability of
measuring simultaneously the information about both local
topography and optical contrast at resolutions better than con-
ventional far-field techniques. We present results of studying
fine kaolin blends with broad and narrow particle size distribu-
tion ground calcium carbonates in top coat of double-coated
paper from a high speed pilot coating. We found that the optical
contrast in the proximity of the coating layer is a direct indica-
tion of samples diffusiveness. Also, our results demonstrate that
the addition of fine platy kaolin increased the topographic cor-
relation lengths resulting in a smoother varying surface. The
NSOM measurements suggest that surface roughness and corre-
lation length of the topography affect surface anisotropy and
optical properties. The complex characterization approach
introduced here may have potential applications in studies of
optical loss, adhesion, and friction.
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Optical coatings are composite materials for which defi-
ning the optical properties is not a straightforward task.
Coating structures are characterized by binder distribu-
tion and pigment packing such as pore and volume distri-
butions, and particle orientations. Many techniques have
been applied to studying coated paper properties.
Scanning electron microscopy (SEM) was used (McCoy
1998), which gives qualitative structural and morphologi-
cal information on micro-scale. X-ray diffraction (XRD)
was used to study certain clay mineral orientations in
blade coatings (Gane et al. 1995). When an entire coating
layer is exposed to X-ray, due to the penetration of X-ray
(Moore, Reynolds 1997), the measured orientation index
is a collection of bulk coating rather than the surface pro-
perty alone. Gloss goniophotometry was used to investi-
gate pigment influence on topography and specular
reflections, and results were found consistent with other
studies (Gate, Leaity 1991; Hirons et al. 1998). Polarized
light reflectometry was applied to studying paper coating
structure, gloss and porosity (Elton, Preston 2006a,b). 

The structural characterization of optical coatings is
complicated by the fact that, in many cases, the spatial
scale of inhomogeneities is not much smaller than the
wavelength and therefore the materials scatter light
significantly. In addition, these materials have
appreciable roughness at the scale of the wavelength of
light, which affects the scattering properties even more.
As a result, macroscopical optical properties depend not
only on the coating’s composition but also on both the
size of the particulates and the surface roughness. Thus,
it is desirable to employ characterization approaches
capable of determining simultaneously the mechanical
and optical properties at the surface. One such technique,
near-field scanning optical microscopy (NSOM), has
already been used to characterize composite materials
such as 3D crystallites in Langmuir-Bludgett films of
diimide and stearic acid (Dutta et al. 1999), micropatter-
ned glass surface in liquids (Schmalenberg et al. 2002),
and monolayer of silver nanoparticles (Ianoul, Bergeron
2006). In this study we report for the first time an NSOM
study of the paper coating surface morphology and its
optical properties. The experimental results were
obtained on high speed pilot coating trials with six
coating formulations with mixtures of narrow and broad
particle size distribution carbonates and fine platy kaolin. 

Surface morphology and optical contrast
The surface morphology of inhomogeneous media can be
characterized by its roughness exponent representing the
surface fractality, the lateral correlation length, and the
interface width or root mean square (rms). As such, a
surface can be described by the height-height correlation
function, H(r) (Zhao et al. 1996; Hudspeth et al. 2002)
that is directly related to interface width w and the auto-
correlation function C(r) by H(r)=2w2[1– C(r)]. The auto-
correlation is calculated by analyzing the similarities bet-
ween a series and a lagged version of itself. The corre-
lation coefficient at lag r of a series x0, x1, x2,....xN-1 is nor-
mally written as 

where mx is the mean of the series. For the 2D auto-
correlation lengths reported in this study, the values
corresponding to the 1/e full width of the horizontal and
vertical shifts were calculated.  

Light becomes diffusive when it interacts with inho-
mogeneous media such as optical coatings; this happens
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because the material composition, in turn, its dielectric
function varies strongly with position. In this situation
imaging individual portions of the composite materials
fails to provide robust quantitative information about its
structure. Due to the random nature of both the material
composition and light interaction with it, the useful
information can only be obtained through a statistical
approach. The result of such analysis is expressed by
measures like mean scattered intensity, intensity variance,
optical contrast, etc. 

For instance, a simple model can be developed by
considering that due to inhomogeneities in the optical
properties, the light is first coupled inside the medium
over a volume which depends on the incident intensity.
Within this volume, N independent elementary scattering
centers are being excited, which then determine the
radiation emitted from the medium. When light interacts
with a limited number of individual scattering centers,
the optical contrast depends on both the number of ”equi-
valent scattering centers” N, and the phase distribution of
scattering centers, ∆θ (Apostol et al. 2006).

Thus, we use rms roughness, its directional correlation
lengths, and the optical contrast of an NSOM image to
characterize the surface morphology and local variation
of optical properties.

Brief description of near-field scattering optical
microscopy
To study the effects of particle distributions on a local
scale, it is necessary to probe volumes of the order, or
smaller than the smallest particle inclusions. A near-field
scanning optical microscope having about 50 nm spatial
resolution was used which allows for the simultaneous
acquisition of both local topographical and optical mea-
surements (Paesler et al. 1996; Dunn 1999).  In reflection
based NSOM (Fig 1), light emitted from a sub-wave-
length aperture fiber probe interacts with the sample, and
is then recollected in the far-field (Lewis et al. 1984).
The fiber couples both propagating and evanescent waves
onto samples, and during the scattering process, some of
the evanescent components are converted into homogene-
ous waves, which are then detected in the far-field by an
avalanche photodiode.  This conversion of evanescent to
homogenous waves allows for the detection of optical
effects well below the diffraction limit (Synge 1928).  In
order to couple evanescent fields onto the sample, the
probe must be placed very near to the sample (1/50 wave-
length), which can be accomplished by making use of
conventional atomic force microscopy (AFM) techniqu-
es.  During a near field scan, the tip is maintained at a
constant separation from the sample by using a shear
force feedback mechanism. Keeping this constant separa-
tion allows for the AFM topographical mapping of the
sample (Lieberman et al. 1996).  Thus, for each location
of the probe, the local topographical variation and optical

signal are recorded. The magnitude of the recorded opti-
cal signal depends not only on the local values of the die-
lectric constant but also on the state of the physical inter-
face. Some work has been done in attempting to decouple
the mechanical and optical influences of this signal
(Dogariu, Carter 2006). The aim of this report is to statis-
tically compare samples of similar composition.

Experimental

Pigment physical property and coating color
formulation
The samples consisted of ground calcium carbonates
(GCC) with broad size distribution, Hydrocarb90 and
with narrow size distribution, Covercarb85 were from
Omya AG. Fine kaolin, Hydragloss90 was from KaMin
LLC. Fine platy kaolin particle size distributions (PSD)
were determined by sedimentation analysis (Sedigraph);
and total surface area was determined by BET (nitrogen)
at KaMin lab, Macon, Georgia, USA. Cumulative parti-
cle size distributions, BET surface areas and refractive
indexes of pigments are given in Table 1.

Pigments in top coatings, in parts by weight are given
in Table 2. In addition, all coatings contained 0.15 parts
sodium salt of polyacrylic acid (Ciba Chemicals), 12
parts SBr-latex (Dow Chemicals) 0.5 parts carboxymet-
hyl cellulose (CMC) (CpKelco), 0.7 parts optical brighte-
ner (Bayer), 0.7 parts lubricant (Devden) and 0.3 parts
cross linker (Bercen).  The 12 g m-2 precoat was 100%
coarse ground carbonate with 12 parts of same latex and
0.7 parts of same thickener as in top coat to provide
smooth and sealed base for top coat. From Ma et al.
(2007).

Pilot coater run and NSOM measurement
Coatings were applied on a woodfree base paper using a
pilot coater in Trois-Rivières, PQ, Canada. The pilot coa-
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Fig 1. Schematic of reflection based near field scanning optical microscopy
(NSOM). Light coupled to an optical fiber is emitted from a tapered fiber tip with
sub-wavelength dimensions in the near field of the sample. The tip is placed and
kept in the proximity (10-20 nm) of the sample using shear force feedback as
common in atomic force microscopy (AFM). The probe is raster-scanned across
the surface at a constant height while recording in each point an optical signal
resulting from the near field scattering event as well as the topography from the
AFM scan.
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ter was run at 1400 m/min (1800m/min was run but dilu-
tion was needed, not reported here). OptiTM Jet applicator
+ blade metering stations (Metso Paper, Finland) were
used. Moisture and coat weigh profiles were measured
on-line by infrared and X-ray sensors but open-loop con-
trolled. Top coats were run at 65.4±0.4% solids (coat
weight stdev. 0.2-0.4 g m-2). All paper rolls were superca-
lendered with 11 nips. A low surface roughness reduces
mechanical topographic variations on NSOM.

To probe the local topographical and optical characte-
ristics of different materials, a sample of each coating
was scanned with an NSOM (Nanonics, NSOM -100). In
order to compare orientation effects, all samples were
aligned such that they had the same orientation with
respect to the raster scanning near-field probe. To com-
pare similar resolution in terms of both the optical and
topographical images, the probe was kept at the same
constant height above the different sample surfaces.
Statistical information was provided by a large number of
measurements; each sample was scanned three times in
different locations over an area of 5x5 µm, taking 256 by
256 measurements. Because NSOM is an interaction
microscopy, the coupling between the tip and different
samples may be different and could influence the average
intensity scattered from different materials. However, our
statistical analysis of the light-material interaction elimi-
nates the effect of the absolute intensity, justifying the
differences observed between the samples examined.
The system was completely isolated for each series of
scans on the individual samples, keeping the excitation
power constant.  

Results 
The NSOM scan provides two images simultaneously: a
topographical map and an image of local optical reflecti-
vity. This is illustrated in Fig 3 where both images were
recorded over an area of five square microns. There is no
evident correlation between the topography and the local
reflectivity. This is expected from the highly inhomoge-
neous nature of these materials; the local reflectivity
dependence on both roughness and fluctuation of dielec-
tric function. We emphasize here that it is these fluctua-
tions of the optical intensity in the near-field (Fig 3b) that
determines the far-field properties of scattered radiation.

To provide a better assessment of the combined infor-
mation, the overlaid images of light intensity (color
coded with blue being the lowest intensity) on 3D topo-
graphy maps are shown in Fig 4. This representation of
the NSOM results clearly revealed the differences in the
optical properties as influenced by both topography and
refractive index variations. Quantitative evaluations of

both optical and mechanical properties will be presented
in the following.

Pigment RI BET area Cumulative particle size distribution
m2/g < 5 µm < 2 µm < 1 µm < 0.5 µm < 0.2 µm

% % % % %

Broad GCC 1.57 12.6 99.6 94.1 70.6 42 20.3
Narrow GCC 1.57 14.5 99.9 98.4 86.8 51.9 19.6
Fine Kaolin 1.56 21.2 99.1 97.2 93.7 79.7 44.1

Table 1. Particle size distribution, refractive index (RI) and BET surface area of pigments.

Fig 2. The coated and calendered paper surface under SEM (Hitachi, S-4500). (a)
from sample B with 20 parts of fine kaolin having relatively close surface structu-
re, and (b) from sample E with 20 parts of fine kaolin.

Fig 3. (a) topography of Sample C; (b) intensity distribution from the same area of
Sample C. Both image sizes are 5x5 µm. Note that there is no correlation bet-
ween the location of high intensity points and topography features.

Fig 4. Overlaid images of the light intensity (lowest intensity denoted by blue color)
and the 3D topography (height in nm as indicated). (a), (b), (c), and (d) correspond
to samples A, C, D and F, respectively.

Fig 5. Topography roughness, root mean square rms in nm measured by NSOM.
Broad GCC blends produced higher roughness than narrow GCC mix.
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Coating surface roughness, correlation
length and autocorrelation
The root mean square, rms surface roughness
was calculated from the AFM topography
image. A higher rms value corresponds to a
rougher surface. Roughness fluctuations of
surface height ranged from λ/10 to λ/20. As
can be seen in Fig 5, when comparing the two
groups of samples one can see that the broad
GCC group (A. B. and C) had an overall roug-
her surface than the narrow GCC group (D, E
and F). This resulted in lower specular gloss
level in the far-field, i.e. the higher rms the
lower the Tappi gloss as expected. Within the
broad GCC and narrow GCC groups, the rms
variations were relatively small, and no clear
trend could be discerned while the correlation
lengths were quite different (to be discussed
in Fig 7). This result demonstrates that rough-
ness alone at different levels of fine kaolin
within a carbonate system could not correlate
to the differences seen in the specular gloss (Table 2). 

The AFM images obtained when using conventional
NSOM techniques are the results of samples to tapered
fiber probe force variation.  The tapered fiber probe used
in the experiment had a working aperture of 50nm with a
gold coating of approximately 150nm thick. Note that,
compared to conventional diamond tip of AFM probe, the
NSOM tip has in general a relatively lower resolution.
Therefore, an AFM (Asylum, MFP-3D) was used to veri-
fy the surface topography (Table 2). Aside from the
Sample A, all the samples from AFM had the same order
rms as recovered from the NSOM scan. We also note that
the NSOM probe was kept in a non-contact mode of ope-
ration eliminating the possibilities of cross contamination
that could happen to the contact AFM measurement. The
second topography measurements confirmed the accura-
cy of the NSOM results, allowing for further analysis of
the topography and the correlated optical measurements. 

To quantify possible anisotropic effects, we analyzed
the surface correlation lengths along different directions.
The typical topography autocorrelations in x and y direc-
tions are illustrated in Fig 6. A high autocorrelation is
likely to indicate a periodicity in the signal of the corres-

ponding time duration. For a typical anisotropic surface,
the autocorrelation should be low. The results show that
the sample A with no fine platy kaolin exhibits the lowest
degree of periodicity. Sample B (20 parts of kaolin) on
the other hand is clearly periodical in terms of its topo-
graphical features while the sample C with 40 parts kao-
lin is even more periodical. Similar trends can be obser-
ved for the second set of samples D, E and F of narrow
GCC. Visualizing the spatial autocorrelation function cle-
arly indicates that a higher level of fine platy kaolin ten-
ded to induce periodicities in the surface topography.

The quantitative results are plotted in Fig 7 and, as can
be seen, an interesting trend emerges as a function of
kaolin concentration. Within broad GCC group, when
fine kaolin level was increased, the x/y ratio of correla-
tion length also increased. The same trend held true for
fine kaolin added to narrow GCC. Another interesting
observation is that the addition of fine kaolin to broad
GCC generated higher x/y ratio of correlation length than
to narrow GCC. 

A B C D E F

Fine kaolin 0 20 40 0 20 40
Broad GCC 100 80 60
Narrow GCC 100 80 60

Corr. Length (x), mm 0.84 1.11 2.63 0.89 0.87 1.19
Corr. Length (y), mm 0.57 0.65 0.91 0.84 0.55 0.53
Corr. Ratio, x/y 1.38 1.70 2.48 1.06 1.53 1.96
Roughness rms, nm 38.4 40.6 34.1 27.7 17.1 20.8
Roughness rms, nm, AFM 97.4 54.7 39.8 53.3 27.4 45.2
Smoothness, nm, PPs-10 760 640 620 590 600 600
Optical contrast 0.199 0.204 0.199 0.183 0.177 0.188
Tappi 75° gloss (MD) 66.5 72.8 79.4 73.7 78 80.4
Tappi 75° gloss (CD) 66.3 73.4 80.0 74.4 77.2 80.6

Table 2. Six coated samples measured with NSOM including correlation length and
ratio of x/y, roughness and contrast. Results other than from NSOM are noted with
AFM, PPs-10 (Tappi Standard T555) and Tappi 75° gloss (T480).

Fig 6. Spatial autocorrelation of topography for the six samples examined. Circular feature in the center
denotes isotropy while the elongation in x direction indicates a periodicity in the x direction. The degree of
periodicity accentuates when the amount of fine kaolin level increases from 0, 20, and to 40 parts in
broad GCC (A), (B) and (C) and in narrow GCC (D), (E) and (F), respectively. All image sizes are 5x5 mm.

Fig 7 Topography correlation length ratio as measured by NSOM. Broad GCC (A, B
and C) mix with fine kaolin produced higher ratio than narrow GCC (D, E and F)
mix. Adding more fine kaolin increased the correlation length ratio in both carbo-
nates.
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Coating surface optical contrast
The optical contrast was evaluated from the NSOM
reflection images using the procedure outlined by
Apostol et al. (2006). When the aperture tip scans across
the surface of the sample, the coupling of radiation onto
the medium is a complex process such that the magnitude
of the reemitted radiation varies from point to point
(Fig 3). Histograms of the fluctuating intensity were
recorded and moments of intensity distribution were sub-
sequently calculated. The results are summarized in
Table 2. It is interesting to note that in general the optical
contrast of the broad GCC group was higher than the nar-
row GCC group.  In the mean time, the contrast evaluated
within the same carbonate group did not vary significant-
ly with the addition of fine kaolin.  

Discussion
NSOM as a nondestructive examination tool can correla-
te physical and optical properties of a film to its morpho-
logy and scattering center distribution. A quick light scat-
tering technique in far-field in place of NSOM had been
considered for the measurement and calculation of H(r)
with Chandley’s approach for this study. However such a
calculation has its limits because the Kirchoff approxima-
tion on which the calculation is based requires that the
correlation length is much larger than the wavelength,
and the local curvature of the surface is small (Nieto-
Verperinas 1991). The correlation lengths (Table 2) of
samples studied were in the same order as the visual
wavelength, and cannot satisfy the criterion of the
Kirchoff approximation. Therefore, NSOM with an AFM
feature suited better for the topography characterization
of smooth coated surface. The incapability of a far-field
technique can also be practically seen from insignificant
Tappi gloss differences between the machine (MD) and
cross machine (CD) directions (Table 2).

The results that broad GCC had a higher rms rough-
ness than narrow GCC can be explained by several fac-
tors. Broad GCC had a higher number of coarse particles
(Table 1). The large particles on the surface can increase
the surface rms and decrease Tappi gloss. Though the
large particles can be pushed into the coating by small
particles under shear field in coating and compression
mode in calendering, its disruption effect on surface net-
work still exists to increase rms and reduce gloss as evi-
dent from a computer simulation and pilot trial (Ma,
Bousfield 2008). 

The addition of fine kaolin increased correlation
length x/y ratio. This can be understood as such that
smoother varying surface prolongs longer in x than in y
direction. The higher value of correlation length in the x
direction when fine kaolin level was increased means that
kaolin addition leads to a smoother varying surface in
that direction. Fine kaolin particle size and shape distri-
bution, particle rotation and alignment under shear field
within a blade boundary in blade coating (Romagnoli,
Bousfield 1999), compression and horizontal movement
in calendering may well affect the correlation length and
autocorrelation. A reduced platy particle alignment cor-

responding to a lower gloss gain was noted in a clay ori-
entation study with SEM, X-ray, laser profilometry and
gloss measurement (Rissa et al. 2000). Because of the tip
convolution of non-contact feature, NSOM topography
image (Fig 3) was more diffuse than SEM (Fig 2) and
AFM (not shown). Visual evaluations with NSOM, SEM
or AFM could not distinguish coated surface anisotropy.
This was previously noted in using AFM to identify ani-
sotropy within obliquely deposited gold films where
quantitative analysis of the contour length was needed
(Skaife et al. 2001). Further efforts are needed to study
rms roughness, correlation length, and autocorrelation in
any desired direction. 

The lower roughness and optical contrast of narrow
GCC mix contributed to less scattered light on surface,
which resulted in higher values of the specular reflectan-
ce (Tappi 75°gloss). Broad GCC generated higher optical
contrast. This can be interpreted as an increase in the
number of scattering centers (N) caused by more particles
in broad GCC for the same mass, and additional phases
(∆θ), which had Gaussian distribution with a width deter-
mined by the distribution of the surface heights (rms) led
eventually to a broader distribution of phase and conse-
quently to a higher contrast value (Apostol et al. 2006). 

The rough surface of broad GCC coated paper genera-
ted low specular reflectance. However, this surface phe-
nomenon did not determine the whole coating layer opti-
cal attenuation due to scattering that was affected by an
averaged coefficient αscatt = σsρV proportional to both scat-
tering cross-section σs and the volume density of pores
ρv. Indeed, corresponding to the same pore size distribu-
tion broad GCC coated samples had lower pore volume
density than narrow GCC regardless of kaolin level as
measured by mercury porosimetry (Ma et al. 2008).
While this study focuses on using NSOM to characterize
topographical and optical surfaces containing GCCs and
fine kaolin, the surface characterized can be used in other
coating studies. Zhang and Sundararajan (2007) noted
that centerline average and rms have an effect on optical
loss in the waveguide, adhesion, and friction, and auto-
correlation has been used to model the adhesion of thin
films etc. 

Conclusions
Paper coating characterization is complicated by the fact
that the spatial scale of inhomogeneities is not much
smaller than the wavelength. Consequently, these materi-
als scatter light significantly. In addition, these materials
can have appreciable roughness at a scale comparable
with the wavelength of light, which also impacts the scat-
tering properties. For a complete characterization of such
random media, both optical and structural considerations
must be taken into account. 

We have demonstrated a comprehensive approach for
characterizing composite materials such as paper coa-
tings. Near-field scanning microscopy (NSOM) was used
to characterize glossing coated paper surfaces with topo-
graphic roughness, correlation length, autocorrelation,
and optical contrast from the same area during one single
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measurement. We have shown that the optical contrast of
light field in the proximity of the coating layer is an indi-
cation of samples diffusiveness. As the process of light
scattering is complicated by the influence of both topo-
graphy and variation of refractive index, our experiments
clearly indicate that coatings characterized by higher
gloss manifest lower values of the near field optical con-
trast. Moreover, they suggest both surface roughness and
correlation length affected the physical and optical pro-
perties of the coatings. 

Along this study we have also observed that the addi-
tion of fine kaolin increased the topography correlation
length resulting in a smoother varying surface.
Furthermore, the topography correlation length increased
with different amounts in orthogonal directions indica-
ting the creation of a certain degree of surface anisotropy.
This feature was calculated for both sets of samples exa-
mined, broad and narrow distribution GCCs even though
the narrow GCC combination with fine kaolin produced,
in general, a lower topography roughness and optical
contrast which can be translated into higher specular
reflectance (Tappi 75° gloss). 
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